Introduction {#s0001}
============

In all cells, proteins are synthesized based on mRNA templates via amino acid charged tRNAs by ribosomes; macromolecular RNA-protein assemblies composed of 2 unequally sized subunits. The bacterial ribosome (70S) larger subunit (50S) consists of 2 RNA molecules (23S and 5S rRNAs) and 33 [L]{.smallcaps}-proteins (prefix "L" for large) whereas the smaller subunit (30S) consists of one RNA molecule (16S rRNA) and 21 S-proteins (prefix "S" for small). All ribosomal components are present in one copy, except for the L12 stalk proteins (L12 and its N-acetylated form L7) present in 4 to 6 copies per bacterial ribosome.[@cit0001] The ribosome harbors 3 tRNA binding sites: the A (aminoacyl-tRNA), P (peptidyl-tRNA), and E (exiting tRNA) sites. It functions by oscillating between 2 main states as it moves along an mRNA decoding consecutive codons, namely the pre-translocational (PRE) and post-translocational (POST) states with tRNAs either in A and P or P and E sites, respectively.

Translational guanosine triphosphatase factors (trGTPases) are proteins with ribosome-dependent GTPase activity that occupy a characteristic position in the ribosome and are defined by the presence of highly conserved GTPase (G) domain. Protein synthesis in bacteria involves 4 main trGTPase factors: initiation factor 2 (IF2), elongation factors Tu and G (EF-Tu and EF-G), and release factor 3 (RF3). Thus, trGTPase factors function in all the major phases of translation: initiation, elongation (both mRNA decoding and mRNA-tRNAs complex translocation), termination, and recycling in a guanosine triphosphate (GTP)-dependent manner. Several additional GTPase factors, including elongation factor 4 (EF4, previously known as LepA), and BipA (also known as TypA and YihK) have been revealed to be associated with ribosomes under certain conditions.

EF4 and BipA are paralogs of EF-G, yet, regardless of their structural similarity, exhibit distinct functions that can be attributed to their varied domain arrangements and accessory domains with unique ribosome and tRNA binding modes. In this review, we discuss the structural and functional similarity as well as diversity of these 3 ribosome-dependent GTPase factors in light of recent X-ray crystallography and cryo-electron microscopy (cryo-EM) studies starting with a brief introduction to EF-G, EF4, and BipA.

EF-G {#s0002}
====

EF-G is responsible for ensuring the rapid and coordinated movement of mRNA along with bound tRNAs through the ribosome at the end of each round of polypeptide elongation, a process known as translocation. In previous models it was believed that movement of tRNAs on the 50S subunit (hosting the peptidyl-transferase center, PTC) from A and P to P and E sites, creating A/P and P/E hybrid site tRNAs, respectively, accompanied by subunit rotation relative to one another (also known as the ratcheting movement) occurs spontaneously,[@cit0002] while the movement of codon-anticodon duplexes on the 30S subunit (hosting the decoding center, DC) from A and P (PRE state) to P and E sites (POST state), respectively, accompanied by 30S head swiveling, was believed to require GTP hydrolysis by EF-G.[@cit0002] However, kinetic studies[@cit0005] now suggest that tRNAs move synchronously on the 2 ribosomal subunits mediated by EF-G and GTP hydrolysis and that EF-G binding greatly accelerates the formation of A/P and P/E hybrid state. In contrast, according to a time-resolved EM study, the 2 tRNAs move in a non-synchronous step-by-step manner as revealed by the presence of an intermediate state with tRNAs in A/A and hybrid P/E sites.[@cit0007] Rodnina and co-workers conclude in a recent review that EF-G facilitates tRNA movement by a combination of functioning as the pawl in a Brownian ratcheting device and as a power stroke mechanism.[@cit0008] EF-G-driven hydrolysis of GTP ultimately leads to stabilization of the mRNA-tRNAs complex 3 nucleotides downstream of the ribosome, as well as restoring the ribosome to the classical unrotated state.[@cit0003] The guanosine diphosphate (GDP)-bound EF-G molecule then dissociates from the ribosome leaving the A site empty (POST complex) and ready to accept the next aminoacyl-tRNA delivered by EF-Tu. Once the synthesis of the peptide chain is completed upon translation termination factors encountering a stop codon and triggering the release of the nascent peptide chain, the ribosome is left with mRNA and a deacylated tRNA in either P or P/E hybrid site. This complex is dissociated into free subunits, which can be used in subsequent rounds of translation initiation by ribosome recycling factor (RRF) together with EF-G,[@cit0012] a process known as ribosome recycling. The dissociated subunits can be recycled in subsequent rounds of translation initiation.

EF-G is the only classical trGTPase that functions in 2 different phases of protein synthesis. Unfortunately, there is no detailed understanding on how EF-G facilitates ribosome recycling, as the atomic structure of the ribosome in complex with both RRF and EF-G has not been characterized yet. In contrast, both X-ray crystallography and cryo-EM studies have generated ample structural data on the EF-G/ribosome interaction during various stages of translocation, offering insight into how GTP hydrolysis is triggered by the ribosome and is coordinated with the conformational rearrangements required for translocation (discussed in more detail in following sections).

EF4 {#s0003}
===

Unlike the universally conserved EF-G (eEF2 in eukaryotes), its paralog EF4 is ubiquitously conserved in bacterial (only known exceptions are *Streptococcus pyogenes* and *Carsonella ruddii*) as well as mitochondrial and chloroplast genomes.[@cit0013] While EF-G is essential for general translation, EF4 likely interacts with the bacterial translational machinery in response to certain conditions explaining why its deletion affects bacterial growth or fitness under conditions such as low pH[@cit0016] or high magnesium (Mg^2+^) concentrations[@cit0017] but is a non-essential protein during growth in both rich and poor medium.[@cit0018] In agreement with growth defects, EF4-deficient bacteria exhibited a significantly slower protein translation rate and a delay in overcoming ribosome maturation defects at pH 4 *in vivo*.[@cit0016] In addition, EF4 deficiency is known to cause hypersensitivity of *E. coli* to potassium tellurite and penicillin.[@cit0019] While the fidelity of translation *in vivo* does not seem to be affected by the absence of EF4, addition of the purified EF4 has been shown to increase the fraction of active protein synthesized *in vitro*.[@cit0018]

Nierhaus and coworkers reported that, *in vitro*, EF4 can catalyze reverse translocation (also called back-translocation), the movement of tRNAs from E and P to P and A sites, respectively.[@cit0018] Based on the observation that EF4 binds to the POST state with higher affinity than to the PRE state, and that EF4-dependent GTP hydrolysis has a higher turnover rate with the former, it was proposed that the POST complex serves as the substrate of EF4.[@cit0023] Cryo-EM characterization of the ribosome complex resulting from incubation of the POST complex with EF4, revealed the deacylated tRNA in the classical P site whereas the peptidyl-tRNA was found to occupy a site distinct from classical A/A site (named A/L site, "L" for LepA-induced) with acceptor arm shifted away from the PTC.[@cit0023] The tRNA was predicted to fall back into the classical A site upon EF4 release from the ribosome. The authors proposed that the resulting complex did not represent a classical PRE complex but rather a back-translocation intermediate state.[@cit0023] A series of *in vitro* kinetic assays showed that ribosome back-translocation in the presence of EF4 proceeded through at least 3 intermediate states but also highlighted the relative slowness of the proposed EF4-mediated back-translocation process raising the possibility that POST complex is not the main substrate of EF4.[@cit0024] Interestingly, single-turnover experiments and single-molecule Förster resonance energy transfer (smFRET) measurements showed that EF4 prefers the PRE state ribosomes and this interaction occurs in a competitive fashion with EF-G,[@cit0025] which is not surprising given their significant structural similarity discussed below. Therefore, the PRE rather than the POST complex could serve as the substrate and the EF4-mediated PRE complex-like state could arise from its interaction with the PRE complex rather than back-translocating the POST complex.[@cit0025] Curiously, while Fredrick and co-workers argued against back-translocation[@cit0026] based on the fact that EF4 failed to promote back-translocation under various conditions including in the mRNA toeprinting assay reported earlier[@cit0018] and failed to accelerate codon-anticodon complex movement within the 30S subunit of POST complex,[@cit0024] Qin and co-workers were able to repeat the mRNA toeprinting assay with wild-type and numerous mutant EF4 proteins[@cit0027]. While the biological substrate of EF4 still remains ambiguous, it should be noted that the complexes arising from incubating both the PRE and POST complexes with EF4 are similar and can be rapidly converted to POST complex by EF-G.[@cit0025] Competition between EF4 and EF-G for the PRE complex has been proposed to transiently slow down polypeptide elongation, thereby facilitating co-translational protein folding.[@cit0025] Despite comparable affinity for the PRE complex, under normal growth conditions EF-G is about 50-fold more abundant in cells than EF4, suggesting a minor role played by the latter. However, under certain conditions such as high Mg^2+^ concentration and low pH, EF4 abundance in cytoplasm is believed to increase about 2--3-fold due to its release from membranes, (where it is likely stored under favorable growth conditions[@cit0017]), thereby rendering it a more potent competitor for EF-G.

On the other hand, EF4 has been implicated in increasing the elongation rate at above physiological Mg^2+^ concentrations.[@cit0017] Although under mild to moderate stress conditions EF4 possibly recruits the stalled ribosomes to resume proper translation, it appears to be harmful during severe stress such as that caused by antimicrobial treatment where deletion of EF4 increased the survival of *E. coli* after treatment with several antibiotics.[@cit0029] In this context EF4 was reported to act in a pathway leading to accumulation of reactive oxygen species, thereby facilitating bacterial self-destruction in response to stress-mediated damage to cells.[@cit0029] This might occur through the reported inhibitory effect of EF4 on the action of transfer-mRNA (tmRNA) in targeting potentially toxic truncated proteins, arising from stress-induced damages to mRNA, to the proteasome.[@cit0019] Insertion of truncated proteins into the cell membrane has been proposed to disturb the respiratory chain leading to the accumulation of reactive oxygen species, and ultimately causing self-destruction.[@cit0030] Thus, EF4 seems to have 2 functions depending on the severity of stress, it either helps to protect cells by allowing stalled translation to resume at low-to-moderate levels of stress, or leads to bacterial self-destruction at high-levels of stress.[@cit0029]

Interestingly, based on recent ribosome profiling experiments, the loss of EF4 significantly affects the average ribosome density of many mRNAs even in unstressed cells.[@cit0026] This suggests a function in translation initiation rather than elongation. Fredrick and co-workers propose that EF4 plays a role in ribosome biogenesis and its deficiency could lead to the production of ribosome subunits compromised in initiation stage or, alternatively, EF4 could be directly involved in the initiation process by catalyzing a conformational change in the ribosome affecting interaction with the mRNA Shine-Dalgarno region.[@cit0026] Taken together, while EF4 seems to aid bacteria in adapting translation to temporary unfavorable conditions as well as affecting translation in general, many aspects of EF4 functioning and importance need further clarification.

BipA {#s0004}
====

Even more functionally perplexing than EF-G and EF4, is their paralog BipA (Bactericidal/permeability-increasing protein-inducible protein A) that is present in most of the studied bacterial and chloroplast genomes.[@cit0013] BipA has been implicated in regulating a variety of cellular processes including bacterial virulence, symbiosis, resistance to host defenses and antibiotics, swarming motility, biofilm and capsule formation.[@cit0031] As is the case with EF4, BipA is not required under optimal growth conditions but becomes an essential factor for bacterial survival at low temperature, nutrient depletion, and various other stress conditions.[@cit0032] Similarity to EF-G and EF4 led to the speculation that BipA affects translation through directly interacting with the ribosome. This is in line with the finding that wild-type (fully modified) ribosomes seem to depend on BipA for the translation of specific mRNAs.[@cit0042] Given that BipA is able to bind to 70S ribosome in a GTP-dependent manner and its GTPase activity is enhanced in the presence of ribosome as well as inhibited by thiostrepton (characteristic features of trGTPase factors),[@cit0031] BipA likely functions as an elongation factor that regulates the translation of certain mRNAs under specific stress conditions. Similar to EF4, BipA can inhibit tmRNA tagging, underlining its role as an elongation factor, while its deficiency does not affect the fidelity of translation.[@cit0019] Curiously, *Salmonella enterica* BipA has been shown to interact with either 70S ribosome or 30S subunit depending on the relative abundance of GTP and the stress alarmone ppGpp (guanosine-3′, 5′-bis pyrophosphate)[@cit0031]; BipA interacts with 70S ribosome under normal growth conditions but is found interacting with the 30S subunit during amino acid starvation and under sub-optimal growth temperature when the level of ppGpp is increased.[@cit0031]

In addition, a recent study links BipA to ribosome biogenesis as *bipA* deletion results in perturbed 50S subunit processing and assembly particularly at low temperature.[@cit0045] Although the evidence for BipA involvement in ribosome biogenesis and/or functioning in translation is mounting, its exact role remains elusive.

Structural comparison of isolated EF-G, EF4, and BipA {#s0005}
=====================================================

Structures of the shared and unique domains of EF-G, EF4, and BipA {#s0005-0001}
------------------------------------------------------------------

While the biological functions of EF-G, EF4, and BipA vary considerably, they all share notable structural similarity.[@cit0013] All 3 proteins consist of 5 domains, out of which 4 (domains I, II, III, and V) are topologically equivalent ([Fig. 1A and 1B](#f0001){ref-type="fig"}). The N-terminal G domain, also named domain I, consists of a central 6-stranded β-sheet surrounded by 5 α-helices ([Fig. 1B](#f0001){ref-type="fig"}) and contains the GTP/GDP binding site universally conserved among trGTPase proteins and the homologous Ras superfamily GTPases.[@cit0015] The G domain contains conserved mobile elements termed switch I, switch II, and the P loop, which are essential for GTPase activation and mediate conformational changes as discussed later. Notably, while the G domains of EF-G, EF4, and BipA are structurally very similar, there is a 95 residue long G\' sub-domain insertion is found only in EF-G ([Fig. 1C](#f0001){ref-type="fig"}). Domain II contains the signature twisted β--barrel motif shared among translational GTPases ([Fig. 1B](#f0001){ref-type="fig"}). Domains III and V contain 4-stranded β-sheets flanked by 2 α-helices on one side ([Fig. 1B](#f0001){ref-type="fig"}), a common α/β-motif referred to as the ribonucleoprotein (RNP) or RNA recognition motif (RRM) found in many RNA-binding proteins. While EF4 and BipA lack the region corresponding to EF-G domain IV comprising a unique α/β fold, both have additional C-terminal domains (CTD) that spatially occupy a position between domains III and V ([Fig. 1B](#f0001){ref-type="fig"}). The additional CTD is a structural feature observed only in BipA and EF4 trGTPase families.[@cit0046] The CTDs of EF4 and BipA are unique having folds that lack similarity to one another as well as to other known proteins.[@cit0046] The CTD of EF4 comprises one long α-helix cradled by 4 short strands of β-sheet[@cit0048] ([Fig. 1B](#f0001){ref-type="fig"}). The CTD of BipA consists of 2 crossed β-sheets (comprising 2 and 4 β-strands, respectively) wrapped by 3 short α-helices forming a nearly equilateral triangle[@cit0046] ([Fig. 1B](#f0001){ref-type="fig"}). Figure 1.Structural comparison of isolated EF-G, EF4, and BipA. (A) Schematic diagram depicting the domain arrangement of EF-G, EF4, and BipA. (B) Overall structures of isolated EF-G (Protein Data Bank ID: 2BM0), EF4 (PDB ID: 3CB4), and BipA (PDB ID: 5A9W). The same color scheme is used throughout this work unless otherwise stated. Nucleotide bound to the G domain is shown as sticks for EF-G and BipA. EF4 is in apo form. (C) Comparison of domain G of EF-G (colored as in panel B), EF4 (colored gray), and BipA (colored salmon). G\' insertion is a characteristic feature of the EF-G protein. (D) Comparison of the domain arrangement of EF-G (colored as in panel B) with EF4 (colored gray on left) and BipA (colored gray on right) by aligning the G domains.

Overall structures of EF-G, EF4, and BipA {#s0005-0002}
-----------------------------------------

Even with 4 out of 5 domains containing similar folds and occupying roughly the same topological position, the extra domains characteristic of EF-G, EF4, and BipA, lead to significant structural variations in the overall conformation of these proteins. First of all, the spatial arrangement of the domains within EF-G, EF4, and BipA proteins is different. Compared with EF-G, the orientation of domain II of both EF4 and BipA with respect to G domain remains largely unchanged, however, the orientation of domain III is rotated in EF4 and BipA ([Fig. 1D](#f0001){ref-type="fig"}). While the β-sheet in domain III of EF-G and EF4 has a similar positioning pointing toward domain IV (EF-G) or CTD (EF4), the significant rotation of domain III in BipA results in ∼13 Å movement of the β-sheet toward domain II ([Fig. 1D](#f0001){ref-type="fig"}). The most striking difference is observed in domain V, which directly contacts the G domain in EF-G and EF4, but rotates almost by 90° in BipA resulting in over 20 Å distance to G domain ([Fig. 1D](#f0001){ref-type="fig"}). While the CTD of BipA occupies a similar position as the domain IV of EF-G, the CTD of EF4 does not ([Fig. 1D](#f0001){ref-type="fig"}). Consequently, there is very little spatial overlap between the CTDs of EF4 and BipA. The differences in global conformation due to the distinct domain arrangements of EF-G, EF4, and BipA likely underlie their differing functions in protein synthesis.

Since GTPases are molecular switches known to undergo conformational changes in response to G factor binding and hydrolysis,[@cit0050] it is rather curious that structural comparison of apo forms of EF-G and BipA with non-hydrolysable GTP analog and GDP bound forms reveals very little variation.[@cit0046] This is supported by isothermal titration calorimetry (ITC) analysis of EF-G interaction with GDP and GTP[@cit0053]; and suggests that the structural changes in trGTPases occur only in the presence of ribosome. To date the structure of EF4 has been solved only in the apo form in the absence of ribosome.

An intriguing feature of BipA is that it has been reported to exhibit different modes of ribosome binding whether in complex with alarmone ppGpp or GTP, namely binding to 30S subunits and 70S ribosomes, respectively.[@cit0031] However, in both crystal and solution structures, BipA in complex with ppGpp resembles that of the apo as well as GDPCP- (non-hydrolysable analog of GTP) and GDP-bound BipA complexes.[@cit0046] It should be noted that the binding affinities of BipA and EF-G for GDP and ppGpp are also similar[@cit0049] underlining the structural conservation of the nucleotide binding sites among trGTPases and suggesting a similar behavior for BipA.

Structure of ribosome-bound EF-G, EF4, and BipA {#s0005-0003}
-----------------------------------------------

Development of the ribosome crystal form lacking the L9 protein paved the way for structural studies of GTPase factors bound to the ribosome.[@cit0054] More recently a new approach was developed to crystallize trGTPases on the ribosome by covalently linking them to the N-terminal domain of L9[@cit0047] allowing the characterization of more transient interactions. Consequently, structures of EF-G[@cit0054] and EF4[@cit0047] bound to the bacterial 70S ribosome have been characterized. In addition, the structure of BipA in complex with the ribosome was reconstructed using recently advanced cryo-EM methods.[@cit0046] The structures reveal that these proteins occupy a similar position at the interface of the ribosomal subunits known as the factor-binding site. While the structures of isolated EF-G and BipA appear similar regardless of the occupancy of the nucleotide-binding site or the nature of the bound nucleotide, as discussed above, the structures of EF-G, EF4, and BipA in complex with ribosome illustrate dramatic structural rearrangements occurring in these factors as well as in the ribosome.

Changes upon ribosome binding {#s0005-0004}
-----------------------------

### EF-G {#s0005-0004-0001}

Although biochemical studies have elucidated the overall role of EF-G in translocation, understanding its exact mechanism requires a detailed knowledge of interactions that occur between EF-G, the ribosome, mRNA, and tRNAs throughout the translocation process. As structural studies of EF-G are covered thoroughly in a recently published review,[@cit0008] a brief summary is given here. Throughout this paper, rRNA residues and helices are numbered according to standard *E. coli* nomenclature and helices are prefixed by H for 23S rRNA and h for 16S rRNA

Alignment of G domains of the isolated EF-G and ribosome-bound EF-G shows that although domains III and V are shifted markedly, the most striking conformational change occurs in domain IV[@cit0050] ([Fig. 2A](#f0002){ref-type="fig"}). A comparison of the GTP form of EF-G in the PRE state (tRNAs in the A/P and P/E sites)[@cit0062] with that in the POST state[@cit0054] reveals that EF-G undergoes a ∼20° rotation around the universally conserved sarcin--ricin loop (SRL) of the 23S rRNA. This rotation results in a movement of the tip of domain IV by 20 Å during the transition from the PRE to the POST state, consistent with the proposed notion that EF-G rotation around SRL allows domain IV of EF-G to avoid a steric clash with the A site tRNA in the PRE state ribosome.[@cit0062] Moreover, the G domain and domain V of EF-G in the PRE state interact primarily with 50S subunit (universally conserved sarcin-ricin loop and L7/L12 stalk; and the thiostrepton targeted L11-binding region as well as the adjacent H89, respectively) while domains II, III, and IV interact mainly with 30S subunit (h5 and h15 of 16S rRNA, S12, and decoding region, respectively). Figure 2.Changes in trGTPase factors and ribosome rotation upon EF-G, EF4, and BipA binding to the ribosome. (A) Comparison of isolated EF-G (PDB ID: 2BM0) with GTP form EF-G in complex with PRE state ribosome trapped by non-hydrolysable GTP analog (PDB ID: 4V90). (B) Comparison of isolated EF-G (PDB ID: 2BM0) with compact form EF-G in complex with PRE state ribosome trapped by non-hydrolysable aminoacyl-tRNA analogs (PDB ID: 4WPO). (C) Comparison of 30S body rotation and head swiveling of POST- (gray) (PDB ID: 4V5F) and PRE- (dark blue) (PDB ID: 5V7C) state ribosomes in complex with EF-G, as well as ribosomes in complex with EF4 (red) (PDB ID: 4W2E) and BipA (light blue) (PDB ID: 5A9Z). For clarity, only 16S rRNA backbone is shown for 30S subunit. 50S subunit is shown as surface in orange. (D) Comparison of isolated EF4 (PDB ID: 3CB4) with ribosome bound EF4 (PDB ID: 4W2E). (E) Comparison of isolated BipA (PDB ID: 5A9W) with ribosome bound BipA (PDB ID: 5A9Z). Ribosome bound trGTPase structures are colored as previously; isolated structures are colored gray. Interactions between trGTPase domains and ribosomal elements are highlighted with double-ended arrows.

Recently, Steitz and coworkers used non-hydrolysable aminoacyl tRNA analogs to prevent deaminoacylation of the P site tRNA and its subsequent translocation into the E site thereby locking the ribosome in PRE state before peptidyl transfer.[@cit0056] The structure revealed mRNA, tRNAs in the A and P sites, non-rotated ribosome, and domains I and II of EF-G (with bound GDP) in the same conformation as seen in previously determined complexes. Surprisingly, domains III-V adopt a newly observed compact conformation, dramatically different from the elongated one in the PRE complexes,[@cit0057] POST complex,[@cit0054] and in solution regardless of the bound nucleotide.[@cit0051] In the compact conformation, domains III-IV have rotated with respect to domains I and II, relying on the flexibility of the loop connecting those relatively rigid entities. This results in the flipping of the domain V by ∼180° (compared to isolated EF-G) ([Fig. 2B](#f0002){ref-type="fig"}) and a dramatic shift in the positioning of the tip of domain IV pointing it toward S4 protein instead of reaching into the decoding center in the A site as observed in the ribosome-bound elongated EF-G, explaining how domain IV avoids a clash with the A site tRNA before catalyzing translocation. This study also revealed that EF-G adopts the same compact conformation when bound to ribosome trapped in PRE state by antibiotic dityromycin.[@cit0056] Dityromycin apparently prevents the structural transition from the closed conformation to the elongated one seen in both PRE and POST complexes.[@cit0056] Overall, the comparison of ribosome-bound EF-G conformations is in line with the hypothesis that the G domain facilitates initial docking of EF-G and the remaining domains move relative to domains G and II during the translocation (upon GTP hydrolysis) in a hinge-like manner.

In addition to conformational changes within EF-G upon ribosome binding, GTPase activation, and translocation, major structural rearrangements take place in the ribosome as well, foremost in the 30S subunit. Compared with the POST state exhibiting an unrotated ribosome,[@cit0054] the PRE state ribosome[@cit0062] demonstrates an anti-clockwise rotation of the small subunit by 12° ([Fig. 2C](#f0002){ref-type="fig"}). When comparing the crystal structures of PRE complexes reported by different groups, minor differences in the degree of 30S head swiveling and body rotation are observed.[@cit0058] However, cryo-EM analyses of the EF-G--ribosome complex have revealed that the degree of 30S head swiveling and body rotation can vary greatly, by 3°--18° and 4°--9°, respectively.[@cit0062] In addition, the recently described mid-translocation (MID) complex with EF-G and 2 tRNAs (with anticodons between A and P; and P and E sites, respectively) demonstrates 21° head swiveling and 2.7° body rotation compared to classical unrotated ribosome.[@cit0060] Therefore, the ribosome can adopt various intermediate states of rotation during translocation. Swiveling of the 30S head is necessary to open up a constriction between the platform and the head of 30S allowing the passage of tRNA anticodon stem-loop (ASL) from P to E site.[@cit0059] Intersubunit rotation and 30S head swiveling are believed to occur in a sequential manner with rotation preceding swiveling, thereby facilitating the directional movement of the mRNA-tRNAs complex.[@cit0067]

### EF4 {#s0005-0004-0002}

Structural information has demonstrated that EF4 binds to the ribosomes in the same overall orientation as EF-G.[@cit0023] Consistent with the universal trGTPase-binding mode, EF4 forms extensive contacts with both 30S and 50S subunits. The overall conformation of EF4-GDP bound to the ribosome in the crystal structure[@cit0047] is similar to that of EF4-GDPNP[@cit0023] and EF-4-GDPCP[@cit0068] in complex with the ribosome in cryo-EM reconstructions. It should be noted, however, that unlike the EF4-GDP-ribosome crystal structure[@cit0047] and the EF4-GDPCP-ribosome cryo-EM reconstitution[@cit0068] with tRNAs in classical P site and empty A site, the cryo-EM reconstitutions of the EF4-GDPNP-ribosome complexes reveal 2 tRNAs. In addition to the classical P site, tRNA can also be seen to occupy the A site but in a previously unseen distorted conformation (named A/L and A/4 tRNA in[@cit0023] and,[@cit0027] respectively) with acceptor arm shifted away from PTC. A distorted tRNA in the A site is also reported in the very recently published crystal structure of the EF4-GDPCP-ribosome complex[@cit0069] for which the atomic coordinates are not available yet.

Comparison with the crystal structure of the isolated EF4[@cit0048] ([Fig. 2D](#f0002){ref-type="fig"}) reveals that binding to the ribosome affects the positioning of domain V, displacing it by more than 13 Å and rotating by ∼30° so as to avoid a clash with the SRL of the 50S subunit.[@cit0047] Like EF-G, EF4 contacts both ribosomal subunits. However, the helix-turn-helix (HTH) motif at the tip of the unique CTD occupies the A site (in a position not compatible with the binding of the acceptor stem of a tRNA in classical A site) and reaches into the PTC ([Fig. 2D](#f0002){ref-type="fig"}), where it interacts with the acceptor stem of the P site tRNA as well as 23S rRNA in the crystal structure.[@cit0047] The HTH motif of the CTD in cryo-EM reconstructions is observed to interact with and likely stabilize the acceptor stem of the distorted A site tRNA.[@cit0027]

In contrast to the anti-clockwise rotation of the 30S subunit relative to the 50S subunit observed in ribosome complexes with EF-G, a ∼5° clockwise rotation is seen in the EF4-GDP-ribosome crystal structure ([Fig. 2C](#f0002){ref-type="fig"}).[@cit0047] While a minor ribosome population of the EF4-GDPNP-ribosome complex in cryo-EM analyses also exhibited clockwise rotation, the majority of ribosomes were similar to the unrotated state.[@cit0027] Interestingly, a cryo-EM analysis of the EF4-GDPCP-ribosome complex revealed, in addition to unrotated ribosomes, a small population of anti-clockwise rotated ribosomes, whereas clockwise-rotated ribosomes were not observed.[@cit0068] Therefore, the significance of ribosome rotation for EF4 functioning is still unclear and requires further studies.

### BipA {#s0005-0004-0003}

Recently, the cryo-EM structure of the ribosome-bound GTP form of BipA was reported unequivocally establishing BipA as a ribosome dependent trGTPase.[@cit0046] The structure reveals mRNA, A, P, and E site tRNAs, and BipA bound to the same factor binding site in ribosome as EF-G and EF4. The BipA specific CTD occupies the A site of the 50S subunit with the distal loop positioned in close vicinity to the PTC. However, unlike the CTD of EF4 that interacts with the acceptor stem of the tRNA in the P site,[@cit0047] the CTD of BipA interacts with the A site tRNA. Furthermore, while the overall conformations of isolated and ribosome-bound EF4 are rather similar ([Fig. 2D](#f0002){ref-type="fig"}), large conformational changes take place in BipA upon ribosome binding.[@cit0046] Superimposition of ribosome bound and isolated BipA based on the G domain reveals a significant conformational change for domains III, V, and the CTD ([Fig. 2E](#f0002){ref-type="fig"}). The entire domain III makes an anti-clockwise reorientation by over 30° while domain V rotates by almost 90° establishing direct contacts with the G domain. The most striking conformational change, however, is the ∼50 Å rearrangement of the tip of the CTD ([Fig. 2E](#f0002){ref-type="fig"}). Similar to the 2 conformations (elongated and compact) revealed for EF-G,[@cit0056] the structure of isolated BipA (nucleotide-bound or free) exhibits an elongated conformation, and that of ribosome-bound BipA a compact one.

The BipA-ribosome structure with both A and P site tRNAs demonstrates a novel intermediate state of the rotated ribosome. Compared with the structure of the ribosome with EF-G trapped by fusidic acid in an un-rotated POST state,[@cit0054] a 6˚ anti-clockwise rotation of the 30S body and a 5.5˚ swiveling of the 30S head can be seen[@cit0046] ([Fig. 2C](#f0002){ref-type="fig"}) resembling the ribosome in PRE state in complex with EF-G[@cit0057] but significantly varying from the clockwise rotated ribosome in complex with EF4[@cit0047] ([Fig. 2C](#f0002){ref-type="fig"}).

All in all, when comparing the isolated and ribosome-bound structures of EF-G, EF4, and BipA, it becomes evident that major rearrangements take place in domains III, IV (in case of EF-G), V, and the CTDs (in case of EF4 and BipA), while domains I and II are relatively rigid.

Interaction with the L10--L12 stalk {#s0005-0005}
-----------------------------------

The L10--L12 stalk, composed of L10 protein and 4--6 copies of L7/L12 as well as its base comprising the L11 region (L11 protein and 23S rRNA helices H43 and H44), is an extremely mobile element of the ribosome and flexibility can be a major obstacle in structural studies. In the majority of the ribosome crystal structures to date, this stalk is almost totally disordered.

It is believed that the dynamic nature of the L10--L12 stalk is essential for its function in "catching" and "handing over" trGTPase factors to the ribosome.[@cit0001] Accordingly, the first contacts of EF-G, EF4, and BipA with the ribosome likely involve the L10--L12 stalk.[@cit0001] EF‑G was reported to initially dock with the ribosome by contacting the CTD of L12 through its G′ domain.[@cit0001] However, the affinity of EF-G for isolated L12 is rather low[@cit0071] and it seems likely that interactions with the SRL of the 50S subunit act to further stabilize the interaction between EF-G and the ribosome. Surprisingly, the structure of the POST complex with EF-G trapped by fusidic acid[@cit0054] revealed the structure of the L10--L12 stalk in previously unseen detail. The base of the stalk, consisting of L10 protein and 4 copies of the NTD of L12, can be seen at low resolution. The stalk appears to be bent toward EF-G as compared with the structure of the isolated stalk.[@cit0001] Most importantly, the CTD of one of the L12 molecules can be seen in high resolution interacting with the G\' subdomain of EF-G ([Fig. 3A](#f0003){ref-type="fig"}) as well as with the N-terminal domain (NTD) of L11.[@cit0054] In the PRE complex with EF-G,[@cit0057] one copy of the CTD of protein L12 can also be seen interacting with G′ domain of EF-G. However, a structural comparison of the PRE and POST complexes[@cit0057] reveals a remarkable change in the positioning of the CTD of ​L12 with respect to EF-G ([Fig. 3A](#f0003){ref-type="fig"}), which could be relevant for the release of inorganic phosphate (Pi) following GTP hydrolysis. Indeed, mutations in the CTD of ​L12 that disrupt its interactions with the G′ domain of ​EF-G, inhibit Pi release without affecting GTPase activation.[@cit0072] In addition to initial docking to the ribosome, the interaction between L12 protein and the G\' subdomain of EF-G has been shown to be important for the conformational coupling between GTP hydrolysis, release of Pi, and unlocking of the ribosome.[@cit0063] Given that the G\' domain is unique to EF-G; its interaction with the CTD of L12 is a characteristic feature of EF-G. The precise role of the G\' domain in promoting GTP hydrolysis by EF-G, however, remains to be determined. Figure 3.Interaction of the CTD of the L10--L12 stalk protein L12 with EF-G and BipA. (A) Comparison of the CTD of L12 interaction with EF-G in PRE (PDB ID: 4V90) (EF-G colored as previously) and POST (PDB ID: 4V5F) (EF-G colored gray) complexes. The CTD of L12 in PRE complex is shown in orange. Close-up of the EF-G G\' domain and the CTD of L12 interaction interface is shown right. (B) CTD of L12 interaction with BipA G domain (PDB ID: 5A9Z). (C) Comparison of CTD of L12 interaction with EF-G in POST complex (PDB ID: 4V5F) and BipA (PDB ID: 5A9Z) by aligning the 23S rRNAs. BipA is colored as previously; POST complex is colored gray with G\' domain unique to EF-G highlighted in blue.

While the majority of the L10--L12 stalk was disordered in the structure of ribosome in complex with EF4,[@cit0047] the complex with BipA clearly shows the entire L11 region as well as one copy of CTD of L12.[@cit0046] Furthermore, a large density corresponds to the NTD of L12 associated with the long helix in L10 is also visible. The CTD of L12 comes into contact with the universally conserved G domain of BipA ([Fig. 3B](#f0003){ref-type="fig"}), unlike the interaction made with the G\' domain of EF-G[@cit0054] ([Fig. 3A](#f0003){ref-type="fig"}). This newly observed interaction interface involves 2 helices of L12 CTD and one helix of BipA G domain. Considering that the G domain is highly conserved, the interaction between the CTD of L12 and the G domain observed in the BipA-ribosome complex[@cit0046] could be universal to all trGTPase proteins that lack the G\' domain, such as IF2, EF-Tu, RF3, and EF4.

Comparison of the structures of EF-G bound to ribosome in the POST state[@cit0054] and the BipA-ribosome complex[@cit0046] reveals a different location of the CTD of L12 protein ([Fig. 3C](#f0003){ref-type="fig"}). Namely, the L12 CTD of BipA-ribosome complex would clash with the G\' domain of EF-G. Compared with domain V of EF-G, domain V of BipA is located closer to the stalk base, which results in a large conformational change of the L11 protein as well as 23S rRNA helices H43 and H44 in order to avoid a structural clash.

Universal GTPase mechanism {#s0005-0006}
--------------------------

Apart from the G\' subdomain insertion in EF-G, the sequences and structures of the G domains of EF-G, EF4, and BipA are highly conserved ([Fig. 1C](#f0001){ref-type="fig"}). Also, the G domains of these trGTPases interact with the same region of the ribosome and show little conformational variation upon ribosome binding ([Fig. 2A-C](#f0002){ref-type="fig"}). In particular, all trGTPases contain a conserved histidine residue important for efficient GTP hydrolysis on the ribosome.[@cit0013] The role of His87 (*T. thermophilus* numbering, His92 in *E. coli*) in EF-G is played by His81 (*E. coli* numbering) and His78 (*E. coli* numbering) in EF4[@cit0047] and BipA,[@cit0046] respectively. The cryo-EM structures of BipA-ribosome[@cit0046] and EF4-ribosome complexes[@cit0068] shows the SRL (most likely the A2662 residue) directly contacting the catalytic residues His78 in BipA and His81 in EF4, thereby placing it within interacting distance to the bound GTP analog. This correlates well with the positioning of both His87 in EF-G and His84 in EF-Tu bound to ribosome[@cit0057] and underlines the conservation of the GTP hydrolysis mechanism between these proteins.

Based on the recent structures of ribosome bound with EF-G,[@cit0057] the substrate-promoted catalytic mechanism prevails; His87 activates the γ-phosphate, which then abstracts a proton from a ​water molecule, and the resultant ​hydroxide ion attacks the γ-phosphate leading to ​GTP hydrolysis. Thus, the positively charged His87 functions both to initiate the reaction and to stabilize the transition state.[@cit0057] GTP hydrolysis leads to a series of changes in the switch I, switch II, and P-loop regions, which results in the reorientation of domain IV coupled with 30S swiveling that is believed to promote translocation of the anticodon ends of tRNAs in the ribosome as discussed in next section.

From structure to function {#s0005-0007}
--------------------------

### EF-G {#s0005-0007-0001}

The most urgent question is how EF-G binding and GTP hydrolysis alter the structure of EF-G and the ribosome thereby promoting the coupled translocation of mRNA and tRNAs through the ribosome. Based on the high-resolution structures of EF-G in complex with ribosome prior to,[@cit0056] mid- [@cit0075], and post-[@cit0054] translocation, as well as numerous cryo-electron microscopy studies,[@cit0002] understanding of how EF-G catalyzes the translocation of the mRNA-tRNAs complex is finally starting to emerge at the atomic level.

In light of the newly characterized compact structure of EF-G on the ribosome, Steitz and co-workers propose that GTP-form EF-G likely engages both the rotated and un-rotated ribosome through a compact structure, thereby avoiding domain IV clashing with the A site tRNA.[@cit0056] Formation of the rotated state[@cit0008] immediately follows binding to the un-rotated ribosome. Following rotation, domain IV is able to extend toward the A site ASL, thereby adopting a conformation seen in the cryo-EM reconstitution of the PRE complex.[@cit0062] Upon extending toward the A site, domain IV contacts the intersubunit bridge B2a, resulting in the universally conserved nucleotides A1913 of 23S rRNA and A1492 and A1493 of 16S rRNA involved in decoding to adopt different conformations from those seen in other rotated ribosome structures[@cit0081] as well as those observed in the POST complex.[@cit0054] This transition state is therefore formed specifically upon EF-G binding to promote translocation. The large swiveling of the 30S head observed in the EF-G--ribosome PRE complexes[@cit0058] is proposed to open a ∼20 Å path required for tRNA translocation between the P and E site on the small subunit that is otherwise constricted by 30S head and platform.[@cit0084]

While GTP hydrolysis is known to precede tRNA-mRNA translocation,[@cit0010] the exact timing and mechanism of how these processes are linked, needs further clarification. According to the current view, concomitant with EF-G transitioning from compact to elongated form, the conserved histidine is placed in an optimal position relative to SRL for catalyzing GTP hydrolysis. Rapid GTP hydrolysis upon ribosome binding is believed to precede and greatly accelerate the rate-limiting conformational changes resulting in unlocking of the ribosome that is required for translocation followed by re-locking.[@cit0085]

GTP hydrolysis is sensed by the switch I and II regions[@cit0087] that are disordered in isolated EF-G but are stabilized upon ribosome binding.[@cit0057] The changes in switch I and II are likely communicated to domain III and result in a rearrangement of domains III-V with respect to domains I and II so that the tip of domain IV moves deeper into A site as revealed by the mid-translocation (MID) complex ([Fig. 4A](#f0004){ref-type="fig"}).[@cit0075] The interactions formed between the tip of EF-G domain IV, the ASL, and the corresponding mRNA codon are similar in the MID[@cit0075] and POST[@cit0054] translocation complexes, suggesting that they are maintained and likely contribute to correct codon-anticodon pairing during A to P site transitioning, thereby helping to avoid a frameshift during translocation. The importance of the movement of domain IV of EF-G in translocation is corroborated by smFRET results revealing at least 2 different conformations of ribosome-bound EF-G domain IV in solution, corresponding to PRE and POST states.[@cit0088] Figure 4.Structural insight into EF-G, EF4, and BipA functioning in translation. (A) Interaction of EF-G domain IV with the ASL of tRNA as revealed by the mid-translocation (MID) complex structure[@cit0075] shown as surface on the ribosome (left) and as a cartoon in close-up (right). (B) Interaction of EF4 CTD with the P site tRNA in PTC region.[@cit0047] (C) Interaction of BipA CTD with the A site tRNA in PTC region.[@cit0046] trGTPases are colored as previously, ribosome 30S and 50S subunits are colored cyan and orange, respectively. tRNAs are colored based on the positioning of their ASL with respect to the decoding center on 30S. (D) Schematic representation of EF-G, EF4, and BipA functioning in translation based on recent structural studies. In short, after peptide bond formation, EF-G recognizes the PRE translocation complex. EF-G first interacts with the ribosome in its compact conformation. Conformational changes in EF-G lead to the transition into elongated form with domain IV extending toward the decoding center in A site coupled to the stabilization of the anti-clockwise rotation of the 30S subunit. Following GTP hydrolysis, the interaction between domain IV of EF-G and the ASL of A site tRNA is likely maintained as the tRNAs-mRNA complex is shifted one codon relative to the ribosome and the 30S subunit returns to the unrotated state. GDP form EF-G dissociates from the POST translocation leaving it ready for next cycle of translation elongation. Asterisk highlights that the PRE complex fluctuates between unrotated and rotated state, both of which are recognized by EF-G and observed in complex with compact EF-G. Under stress conditions, EF4 interacts with either POST "mis-translocation" complex and reverts it back to PRE state allowing EF-G another chance at correct translocation. Alternatively, EF4 as well as BipA can compete with EF-G for the PRE complex and regulate translation in response to stress by likely affecting co-translational protein folding or translation of specific proteins.

Domain IV of EF-G likely serves as a steric block hindering tRNAs from sliding back by occupying the A site as 30S subunit reverts to the un-rotated state upon GTP hydrolysis thereby advancing tRNAs into classical P and E sites observed in the POST complex.[@cit0054] The role of EF-G domain IV in translocation is covered in great detail in recent review.[@cit0008]

Upon GTP hydrolysis and Pi release switch I becomes disordered and EF-G domains II and III move apart.[@cit0054] EF-G relaxing, due to the loss of inter-domain contacts, allows the ribosome to return to the un-rotated state. The GDP form EF-G then dissociates from the ribosome as domain III contacts with 30S and domain V contacts with L11 stalk of the 50S are disrupted.[@cit0063]

In brief, ribosome binding and GTP hydrolysis controls the positioning of EF-G domain IV via switch regions and rearrangement of domain III-V with respect to domains I and II. The coordinated action between domain IV and the 30S head swiveling is essential for translocation. Although the process of translocation is intrinsic to the ribosome, EF-G increases its efficiency and biases it in the forward direction. Schematic overview of the translocation process based on available structural and biochemical information is shown in [Fig. 4D](#f0004){ref-type="fig"}.

### EF4 {#s0005-0007-0002}

Despite the fact that EF4 was reported to catalyze back-translocation a decade ago, its precise mechanism remains notoriously elusive. In addition to the shortage of structural evidence, several biochemical studies have called into question the proposed function of EF4 recognizing the POST complex and back-translocating the mRNA-tRNAs complex.[@cit0025]

Crystallography[@cit0047] reveals that the CTD of GDP form of the EF4 reaches into the PTC of the ribosome and contacts the acceptor stem of tRNA in the P site ([Fig. 4B](#f0004){ref-type="fig"}) as well as other elements of the PTC. The importance of the CTD of EF4 agrees with the finding that its C-terminal 44 amino acids constituting a flexible sub-domain, while not required for ribosome binding and intrinsic GTPase activity, are important for efficient GTPase activity on the ribosome.[@cit0073] The clockwise rotation observed in the crystal structure causes the 16S rRNA G530-loop and S12 to shift thereby widening the DC. This conformational change could facilitate the accommodation of the back-translocated tRNA into the A site whereas the translocation of the acceptor stem of tRNA is likely mediated by the CTD of EF4.[@cit0047] Like EF-G, EF4 may catalyze the unlocking of the ribosome and then bias the Brownian movement of tRNA in the opposite direction. Alternatively, Steitz and coworkers suggest that the CTD of EF4 protects the aminoacylated tRNA in the P site from hydrolysis but in order to do so, the tRNA in the A site would have to be displaced due to steric clashes.[@cit0047] The widening of DC in response to clockwise rotation could facilitate the release of tRNA by perturbing codon-anticodon interactions in the A site. Therefore, the crystal structure is consistent with EF4 functioning either as a back-translocase or a ribosome sequester ([Fig. 4D](#f0004){ref-type="fig"}).[@cit0047]

Recently[@cit0027] it was proposed that EF4 facilitates back-translocation via its CTD disengaging the tRNA 3′-CCA end from the PTC as well as stabilizing the tRNA in the A/4 site. This is in agreement with previous studies showing that the movement of the 3′-end of peptidyl-tRNA is decoupled from the movement of the rest of the core regions of the ribosome-bound tRNAs, as well as the mRNA, in various steps of the back-translocation process.[@cit0024] The tRNA remodeling function of EF4 is proposed by Steitz and co-workers based on the new EF4-GDPCP-ribosome crystal structure.[@cit0069] Namely, the displacement of the CCA end of the tRNA in the A site away from the PTC is functionally significant either by helping to release the deacyl-tRNA from the A site under stress, unlocking a stalled ribosome, or facilitating protein folding.

Taken together, the previously prevailing view on EF4 mediating back-translocation is currently under debate. Structures of EF4-ribosome complexes in various states as well as additional biochemical assays would greatly boost our understanding of EF4 function and its precise mechanism during protein synthesis.

### BipA {#s0005-0007-0003}

The cryo-EM reconstruction of the BipA-ribosome-tRNA complex revealed that in addition to interacting with 23S rRNA, the CTD of BipA likely interacts with the A-site tRNA acceptor stem and D-loop region ([Fig. 4C](#f0004){ref-type="fig"}).[@cit0046] This observation is consistent with the C-terminal sequence of BipA being rich in basic residues capable of preferentially binding with nucleic acids, as well as with biochemical data demonstrating a significant role for the C-terminal helix of BipA in ribosome binding.[@cit0043] Furthermore, the CTD region comprising residues 542-552, which was disordered in the BipA-ribosome reconstitution without tRNA, project deeply into the PTC region surrounded by the 5′ and 3′ ends of the tRNA ([Fig. 4C](#f0004){ref-type="fig"}) where the peptide transfer takes place.[@cit0046] While the EF4-ribosome structure[@cit0047] shows that the CTD of EF4 also reaches into the PTC, it interacts with the acceptor stem of the P-site tRNA instead ([Fig. 4B](#f0004){ref-type="fig"}), as discussed in the previous section. BipA binding leads to anti-clockwise rotation of the ribosome and is compatible with tRNA binding to the A site.[@cit0046] While both BipA and EF4 confer a growth advantage to bacteria under stress conditions, they appear to accomplish this via different mechanisms likely resulting from the varied location of their CTD in the PTC. In fact, no other trGTPase or stress response factor is known to interact with the A-site tRNA in a similar fashion as BipA hinting at a novel mechanism. However, the precise mechanism of BipA functioning on the ribosome and how it links to its cellular role needs further investigation. Currently, 2 views are prevailing. First, similar to classical trGTPases and EF4, BipA has a regulatory role in protein translation ([Fig. 4D](#f0004){ref-type="fig"}).[@cit0018] The second view is that BipA is a ribosome assembly factor reminiscent of GTPases like Era, EngA, and CgtAE.[@cit0042]

BipA binds to the same region of the ribosome as the structurally similar trGTPases, EF-G and EF4 as well as elongation factor Tu (EF-Tu), initiation factor 2 (IF2), and release factor 3 (RF3), all with established roles in translation. In particular, BipA on the ribosome is in active form with the proposed catalytic residue and bound GTP analog positioned close to the SRL of 23S rRNA[@cit0046] supporting its classification as a *bona fide* translational factor. On the other hand, when the effect of BipA deletion on ribosome biogenesis was studied, phenotypes often associated with defective ribosome assembly, such as altered subunit ratios and accumulation of 50S precursor particles with partially processed 23S rRNA, were observed.[@cit0045] This finding suggests that BipA is involved in the production of the 50S subunit. These two proposed functions of BipA may not be mutually exclusive. For example, BipA may be involved in regulating the translation of specific mRNAs whose products act as assembly factors. Indeed, BipA has been reported to be involved in the expression of stress response protein.[@cit0032] In other words, the impairment of 50S assembly may be an indirect result of BipA regulating the translation of specific assembly factors. Curiously, deletion of *rluC* gene suppresses the ribosome assembly defects of BipA deletion.[@cit0045] Note that during 50S assembly RluC introduces 3 pseudouridines into 23S rRNA positions (955, 2504, and 2580) close to the PTC in mature ribosome.[@cit0091] This finding supports a link between the functioning of BipA in both translation and ribosome assembly mediated by positioning its CTD close to the PTC and A site tRNA.

The BipA ribosome-binding mode has been reported to differ depending on the cellular levels of GTP and ppGpp.[@cit0031] Comparison of ppGpp bound BipA with GTP/ribosome bound BipA shows that protrusion of the additional diphosphate moiety at the 3′ hydroxyl of ppGpp results in a steric clash with the SRL[@cit0046] providing structural insight for the observation that ppGpp-BipA associates with 30S subunits rather than 70S ribosomes.[@cit0031] GTP and ppGpp are likely 2 alternative physiologically relevant ligands of BipA; when the cells are entering stress but the intra-cellular level of GTP is still high, BipA could be rapidly released so it can bind to the ribosome in its GTP-bound form and regulate the translation of mRNAs of factors involved in 50S assembly. As the stress progresses, the concentration of other adaptive proteins (e.g. RelE/YoeB, YaeJ) would gradually increase, thus inducing ribosome stalling and slowing down translation.[@cit0093] BipA could then interact with the accumulating ppGpp and bind to 30S subunits potentially further inhibiting translation due to assembly defects.[@cit0031] This is in agreement with the findings discussed above, namely that BipA protein is important for 23S rRNA processing and 50S assembly at low temperatures[@cit0045] and that ribosomes with specific post-transcriptional modifications (introduced by RluC protein) in 23S rRNA depend on BipA for proper assembly.[@cit0042]

trGTPases and antibiotics {#s0005-0008}
-------------------------

The similarities and differences of trGTPases, both in their functioning in the translation process and between different domains of life, are the basis for elucidating the mechanism of numerous families of antibiotics as well as designing new antimicrobial compounds. While structural studies have provided a wealth of information about the functioning of various antibiotics targeting trGTPases and the ribosome, antibiotics themselves have proved to be a useful tool in obtaining a more detailed picture of the processes occurring during translation.

Contribution of antibiotics in elucidating the mechanism of translocation {#s0005-0009}
-------------------------------------------------------------------------

Several antibiotics, including sparsomycin, streptomycin, paromomycin, hygromycin B, spectinomycin, micrococcin, and thiostrepton, are known to affect various aspects of translocation. The stabilizing effect of viomycin binding to h44 of 16S rRNA and H69 of 23S rRNA on the hybrid state of the ribosome[@cit0095] was utilized for characterizing the PRE complex with EF-G and the 2 hybrid tRNAs using cryo-EM reconstruction[@cit0062] as well as obtaining the crystal structure of PRE complex with EF-G.[@cit0058] Viomycin does not directly contact EF-G in the ribosome but is believed to indirectly inhibit its release from the ribosome.[@cit0062] Viomycin has also been shown to stimulate back-translocation *in vitro*.[@cit0098]

The antibiotic fusidic acid (FA) is known to prevent EF-G release from the ribosome without interfering with GTP hydrolysis and translocation.[@cit0005] Similar trapping on the ribosome has been observed for EF-Tu with the antibiotic kirromycin.[@cit0100] However, unlike the kirromycin interaction with EF-Tu, FA has a very low affinity for isolated EF-G suggesting that FA does not bind to free EF-G, but rather to a specific conformation of EF-G forming on the ribosome. As such, FA had an instrumental role in characterizing GDP/EF-G bound to the POST state ribosomes and the crystal structure revealed the binding site of FA at the interface between the G domain and domain III in vicinity of the GTPase active site[@cit0054] ([Fig. 5A](#f0005){ref-type="fig"}). Based on this POST complex structure, as well as following structural studies of EF-G stabilized on ribosomes in various states utilizing FA,[@cit0060] it is believed that FA traps EF-G on the ribosome by locking the switch II of EF-G in a conformation similar to the GTP form even after GTP hydrolysis, thereby preventing the transmission of conformational changes to domains III and IV required for EF-G release from the ribosome. FA presumably binds to EF-G in a specific conformation formed transiently during later stages of translocation after tRNAs have at least partially shifted.[@cit0005] Figure 5.Interplay between ribosome, trGTPases, and antibiotics. (A) Fusidic acid interaction with ribosome bound EF-G (PDB ID: 4V5F). Fusidic acid is shown in orange spheres. GDP bound to EF-G G domain is shown in cyan spheres. (B) Dityromycin interaction with ribosomal protein S12 in the compact EF-G-ribosome structure (PDB ID: 4WQU). Dityromycin is shown in orange spheres and ribosomal protein S12 is highlighted in cyan. (C) Neomycin interaction with ribosome in the BipA-ribosome complex structure (PDB ID: 5A9Z) (left). Neomycin is shown in green spheres. 16S and 23S rRNA are shown in cyan and orange, respectively. Comparison of the neomycin binding sites in the rotated ribosome in complex with BipA (PDB ID: 5A9Z) (same coloring), unrotated ribosome (black) in complex with RRF (PDB ID: 4V54) and partially rotated (gray) ribosome (PDB ID: 4V9C) (right). For clarity, only rRNA backbone is shown. Neomycin is shown in green sticks.

Sordarin was thought to act in a similar fashion as FA on yeast eEF2 (an homolog of EF-G) by also preventing large-scale conformational changes in the trGTPase required for its release after GTP hydrolysis.[@cit0103] However, unlike FA, sordarin can bind to free eEF2 and form interactions with domains III, IV, and V, but not the G domain, causing substantial conformational changes in eEF2 compared to its apo form as well as isolated and ribosome-bound EF-G.[@cit0104] Sordarin likely prevents domain III from moving away from SRL, thereby preventing the dissociation of eEF2 from the ribosome.[@cit0105]

The antibiotic dityromycin has also been shown to block EF-G associated translocation.[@cit0107] The crystal structure of dityromycin in complex with the ribosome reveals that it binds to ribosomal protein S12 and would clash with domain III of EF-G in its elongated form[@cit0108] ([Fig. 5B](#f0005){ref-type="fig"}). Unexpectedly, the crystal structure of EF-G trapped to the PRE state ribosome by dityromycin reveals a previously unseen compact conformation of EF-G ([Fig. 5B](#f0005){ref-type="fig"}) and suggests that dityromycin binding to protein S12 inhibits translocation by blocking the transition of EF-G into the elongated form with domain IV protruding into the A site.[@cit0056]

Neomycin interaction with the ribosome {#s0005-0010}
--------------------------------------

Structural and smFRET studies have revealed that aminoglycoside neomycin blocks aminoacyl-tRNA selection, translocation, and ribosome recycling by binding to H69 of 50S subunit 23S rRNA.[@cit0109] While studies of neomycin have underlined the importance of intersubunit rotation in translocation, its major effect on stabilizing an intermediate state of the ribosome can be utilized to enhance trGTPase binding. Indeed, neomycin was used to trap the mid-translocation state ribosome with EF-G and.[@cit0075] More recently, neomycin was found to greatly enhance the otherwise transient binding of BipA to the ribosome, allowing Gao and coworkers to reconstruct the cryo-EM structure of BipA bound to the rotated ribosome.[@cit0046]

Neomycin was observed to bind to 2 sites, one in h44 of 16S rRNA in close proximity to the tip of H69 (site 1), and another in the major groove of H69 of 23S rRNA at the base of its stem (site 2) ([Fig. 5C](#f0005){ref-type="fig"}). These two sites overlap with that in the structures of RRF bound to unrotated[@cit0110] and partially rotated ribosomes.[@cit0111] Comparison of these structures with that of ribosome-BipA reveals that, while a minor conformational change occurs in the 16S rRNA surrounding site 1, the tip of H69 of 23S rRNA undergoes a large shift upon 30S rotation leading to its involvement in forming the binding site 1 for neomycin ([Fig. 5C](#f0005){ref-type="fig"}). As for site 2, both 16S and 23S rRNA surrounding neomycin move notably, demonstrating a more dynamic feature ([Fig. 5C](#f0005){ref-type="fig"}). Curiously, the structure of the mid-translocation ribosome with EF-G reports more neomycin-binding sites, whereas neomycin is not observed in site 2.[@cit0075] Structural comparison appears to be consistent with the notion that neomycin preferentially binds to H69 when the ribosome adopts the rotated state.[@cit0110] The neomycin-binding site is too far away to establish any direct interaction with BipA. Thus, neomycin-induced (or --assisted) stabilization of the ribosome configuration likely enhances the binding of BipA to the ribosome. Taken together, neomycin interactions with the ribosome appear to be complex and vary depending on the different functional states of the ribosome as well as the presence of diverse trGTPases.

Conclusion {#s0006}
==========

Thanks to the advances in cryo-EM technology as well as the utilization of various antibiotics in order to trap more transient complexes for structural characterization, the last couple of years have provided invaluable insight into the enigmatic translocation process. Furthermore, the characterization of the interaction of proteins EF4 and BipA with the ribosome provides the structural basis for elucidating how translation could be regulated under certain conditions.
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